In this paper, we present a detailed theoretical description for the coherent electron-impact excitation, the subsequent time evolution, and the cascading decay process of the singlet-triplet mixed 1s4f state of helium. The excitation amplitude and phase of each sublevel of this state are related to measurable coincidence intensities and polarizations of the emitted photons. It is found that the intensity and polarization of the emitted photons are time modulated due to the singlet and triplet mixing in the ls4f state. PACS number(s): 34.80.Dp
I. INTRODUCTION
The study of electron-atom collisions aims for a complete determination of all observables in the collision process, i.e. , all quantum-mechanical excitation amplitudes and phases. The observation of coincidences between two or more of the outgoing particles (electrons and photons) from a collision complex is a prerequisite for obtaining such information.
The associated theoretical work consists of two major parts. First, one solves the Schrodinger equation for a full description of the interactions between the projectile electron and the target atom;
second, one establishes the time evolution of the excited atom after the collision and the subsequent decay processes. Considerable progress has been made in approaching an accurate solution of the Schrodinger equation for describing particle collision processes, although it cannot be solved exactly even for the simplest collision systems. Many approximation methods have been developed over the past two decades, such as close-coupling theory including the R-matrix method, the optical-potential method in momentum space and the Kohn variational method; and perturbation theory including the planewave Born approximation, the distorted-wave Born approximation (DWBA), and the eikonal Born approximation. Examples of recent progress are the convergentclose-coupling calculation of Bray and Stelbovics [1] , the second-order DWBA calculation of Madison, Bartschat, and McEachran [2] , and the intermediate energy R matrix calculation of Scott and Burke [3] .
These theories are able to describe most measurements at small scattering angles in atomic hydrogen and helium when applied to the appropriate energy regions. As a general rule, the close-coupling theory works better for lower incident energies especially near threshold, while the perturbation theory provides good results for incident energies well above threshold. In this investigation, we have selected a particular incident energy of 100 eV, for which we would expect the first-order DWBA method to be quite accurate in calculating the amplitudes for the coherent excitation of 1s4f states of helium.
The time evolution and the sequential decay of the excited states can be modeled by using the general densitymatrix theory developed by Fano and Macek [4] and Blum [5] . This theory provides a well-formulated description of the angular and polarization correlations for any electron-atom scattering experiments. For a few special cases, explicit formulas have been derived based on this theory, which directly connects the theoretical excitation amplitudes with experimental observables such as the intensity and polarization of the emitted photons [6 -9] . These formulas are required in order to determine the optimum set of parameters to be measured in the minimum time and to make the most sensitive [16, 17] . It is worth noting that the total orbital angular momentum L of the atom equals that (l) of the excited outer electron and therefore is a good quantum number for singly excited helium atoms.
Parish and Mires [18] calculated the mixing coefficients for various states of helium using the Breit-Pauli Hamiltonian, which takes into account the Coulomb interaction, spin-orbit, spin-other-orbit, and spin-spin interactions between the two electrons. More sophisticated descriptions, which include relativistic and masspolarization effects, were given by Cok and Lundeen [19, 20] and Sims and Martin [21] . Experimental studies on the helium ls4f state were carried out in protonimpact excitation by Kaiser, Liu, and von Oppen (see [17] and references therein) and in He-He and Na-He excitations by Liu et al. [22] . Table VIII of Ref. [18] . van Raan and Heideman [24] made a considerable simplification to the wave functions for these states and gave them in the following form: For calculations in relation to the angular and polarization correlations of the radiation field emitted by the excited atom, it is most convenient to use the statemultipole description defined as [5] (T( 
From Eqs. (13) and (15), we have
A further symmetry (16) In addition, the interaction of the electron-atom collision possesses reAection invariance in the scattering p1ane and thus the scattering amplitudes defined in the collision frame must satisfy the condition [25] f (19) where Po and P, are the spatial parts of the incident and scattered distorted waves with appropriate boundary conditions, 1 (20) where k is the energy of the incident electron and U is the distorting potential obtained from the charge distribution of the atomic wave functions. The spatial atomic wave functions obtained from the Hartree-Fock program of Froese Fisher [28] are shown in Fig. 2(a) . According to Bartschat and Madison [27) , the best agreement with experimental data was obtained when both the initialand the final-state distorted waves were calculated using the excited-state potential Uf, which is shown in Fig. 2(b) as rUf. In Fig. 3 (T((L3pS3)J3(L3yS3)J3)» g ) (22) where U(t)=e ' ' " is the time evolution operator and H is the system Hamiltonian of the target atom. We then obtain the time dependence of the ls4f state multipoles
The excited atom evolves with time in the total angular momentum space~Jmz ) and the corresponding timedependent density matrix is (24) is the time evolution coefficient, (EI E,) are the ene-rgy splitting of the four sublevels of the ls4f state, and y3 is the 
Finally, the density matrix of the third photon (y3) is 
where C, =( -1) ' '(J2J3I&L2llrllL3&l) C(co, ). Note that in this case the trace in Eq. (26) is nonnzero only if J3 = J3 =L3 = 3.
The coincidence intensity and the Stokes parameters are defined as the various combinations of the two-photon density matrix. They are evaluated using an algebraic package written in MATHEMATICA [29] . The results are 
where C2 is similar to C, of Eq. (35) and contains all the terms that can be factored out of the summation.
Because the first photon y& is not measured, we integrated the above expression over the angles of (8"y,) and over the time ti (0&ti &t2 (23), (24), (27) , (28), (31) 
In the second case, we chose 82=@ /2, qrz=O, 83=m /3, and f3=sr/2 and the coincidence intensity and the Stokes pa- 
